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Abstract 
A parallel three-dimensional code with Dunn and Kang's 7 species and 7 reaction model is developed to study the real gas effect 
on a standard model, referred as to Electre, from which flight data exits. It is shown that the heat flux results are consistent with 
flight data. Then the detailed flow features of a hypersonic flow around the forebody of the sphere-cone vehicle under different 
attack angle, altitude and Mach number under catalytic and non-catalytic boundaries are studied. As is shown, the real gas effects 
are mainly prominent in some regions of quite thin shock wave layers closing to the wall surface, and make the outstanding 
distance of shock wave short. The heat flux under full catalytic wall boundary condition is higher than that under non-catalytic 
condition, the bigger the attack angle, the more obvious this variance and the less electron number density on the wall. The 
higher the flight altitude, the lower oxygen dissociation and nitrogen and the heat flux on the stagnation point. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
Future plans for space transportation and exploration call for mission trajectories with both sustained and 
maneuvering hypersonic flight in the Earth's atmosphere at altitudes greater than 70 km and velocities greater than 9 
km/s (ref. 1). Aero-assisted orbital transfer vehicles will use this domain in returning from geosynchronous Earth 
orbit to low Earth orbit for rendezvous with Space Station Freedom. Lunar, planetary, and comet sample-return 
missions will utilize the Earth's upper atmosphere for aerobraking as well. Advanced hypersonic airbreathing cruise 
vehicles may ultimately be called on to fly through this domain. The trajectories for these missions include flow 
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regimes ranging from continuum to free molecular. Substantial portions of these trajectories, in the transitional 
regime between free molecular and continuum will carry the vehicle through conditions resulting in chemical and 
thermal nonequilibrium within the surrounding shock layer. Also, chemical nonequilibrium effects can be important 
well into the continuum regime.   
Most of the previous work on computational simulation of continuum, nonequilibrium, hypersonic flows has been 
performed on chemical nonequilibrium. These simulations are based on inviscid equations (refs. 2), boundary-layer 
equations (refs. 3), viscous-shock-layer equations (refs. 4), parabolized Navier-Stokes equations (refs. 5), and 
Navier-Stokes equations (refs. 6). All the continuum simulations employ a chemical kinetic model for air which is 
used to define the production terms in the species continuity equations. Some of the continuum work is focused 
particularly on determining electron number densities in the flowfield in order to predict radio blackout during entry 
(refs.7). The chemical kinetic models have evolved from both theoretical and experimental investigations (ref.8).  
The objective of the present work is to provide a detailed investigation of the non-equilibrium real-gas effects 
in the forebody region of a typical sphere-cone vehicle(ref.9). The wall temperature for our present computations at 
293sec is taken as 343K, with the altitude 53.5km and constant Mach number 13.  
2. Methodology 
The multi-species chemically reacting gas mixture governing equations may be cast[10] as: 
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Where Uˆ is the vector of conserved variables. Fˆ , Gˆ , and Hˆ  are convective flux vectors, vFˆ , vGˆ , and  vHˆ are 
diffusion flux vectors, and Sˆ is the vector of production rates.  
A Steger-Warming-type flux-vector splitting for a chemically-reacting flow is adopted[11]: 
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We see that the perfect-gas form is obtained by setting 1 / 1U U  , the remaining / 0iU U  . The remaining 
space dimensions proceed in a similar fashion. 
Finite rate chemistry is modeled by assuming that seven species are present[ O2ˈN2ˈOˈNˈNOˈNO+ˈe-] 
and using the 7 reaction mechanism described in ref.12  in detail. 
The species wall boundary conditions (b.c.) are determined by using (a) the noncatalytic wall condition, (b) the 
fully catalytic wall condition [13] . 
Lower-Upper Symmetric Gauss-Seidel(LU-SGS ) [14]relaxation method has been implemented into both perfect 
and real gas flow code. 
3. Results 
Figure 1 shows surface and symmetry plane grids. The grids are clustered around the forebody and the solid 
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surface. The minimum grid size near the wall is 0.01mm. A 8-block mesh is used for the Electre configuration. The 
Baseline surface grid has 6760 cells. The nominal meshes contain 171 cells in the surface normal direction.  
                               
              Fig. 1. The mesh used in the context              Fig. 2. Electre at 293s; comparison between the CFD and flight data 
3.1. Validation 
Figure 2 compares laminar symmetry plane heating rates and the flight data. The nose stagnation point 
experiences higher heating under full catalytic wall boundary condition than the flight data. The predicted heating 
rate on stagnation point is as high as 796.5W/m
2
, which is approximately 39.4% higher than the flight data. 
Computed heating on the sphere nose passes through a pronounced drop, with the heating rate continuing to 
decrease along the wall. As a whole, the heating rate falls above the flight data. As regards the heating rate under 
non-catalytic b.c., it value falls within the lower limit of the measured flight data. Therefore, the catalysis model has 
certain effect on the heating rates. 
Figure 3 shows the flow parameters along the stagnation line for the perfect gas and reacting gas cases(non-
catalytic boundary condition). As previously mentioned, the shock layer is much thinner for the reacting gas case. 
This effect is much more pronounced on the Mach number distribution and is a direct function of the chemical 
reactions in the seven species air model. The difference in the shock shapes significantly affects the surface pressure 
and temperature distribution and thus the heat flux. The reacting gas case predicts higher pressure but lower 
temperature along the centerline. As can be seen for Figure 3, Maximum shock layer temperature is of the range 
9300K for the perfect gas case, but 6800K for the reacting gas case because of the energy being put into dissociation 
and taken away from translation, thus reducing the temperature. 
 
(a) Temperature                                  (b) Pressure                                   (c) Mach number 
Fig. 3. Comparison of the flow parameters distributions along the stagnation line 
3.2. Attack Angle Effect 
    Figure 4 is the wall heat flux at different attack angle considering the catalytic effect. It is clearly that the 
computed heat flux is very sensitive to the wall catalysis model employed here and the attack angle. The heat flux 
under full catalytic wall condition is larger than that under non-catalytic condition at constant attack angle. The 
bigger the attack angle, the greater this vatiation on the heat flux(as listed in Table 1), meaning the real gas effect is 
more obvious. Also we can see, the heat flux increase with the attack angle under both wall conditons. 
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(a)D=5°                                       (b) D=10°                                    (c) D=20° 
Fig. 4. Attack angle effect on the heat flux(left:Full catalytic; right: Non-catalytic, dimension:kW/m2) 
Table 1. The attack angle effect on the stagnation point heat flux 
D/e Non-catalytic Full catalytic variation% 
5 1008.58 1312.34 +30.12 
10 1032.73 1355.57 +31.26 
20 1065.4 1409.8 +32.32 
3.3. Altitude Effect 
Figure 5 presents the heat flux with the altitude for both wall conditions. It is obvious that, the higher the altitude, 
the lower the heat flux for catalytic and non-catalytic conditions. As we can see in figure 6, the lower the flight 
altitude, the greater to the dissociation extent of the oxygen and nitrogen for both catalytic conditions, which affects 
the heat flux on the wall in reverse.  
 
Fig. 5. The altitude effect on the heat flux 
                
Fig. 6. Flight altitude effect on the species distribution along the stagnation line  
 
3.4. Mach number Effect 
Figure 7 presents the heat flux with the Mach number for both wall conditions. It is obvious that, the higher the 
H=40km H=53.5km H=60km 
Non-catalytic full catalytic 
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Mach number, the higher the heat flux for catalytic and non-catalytic conditions. As we can see in figure 8, the 
higher the flight Mach number, the greater to the dissociation extent of the oxygen and nitrogen for both catalytic 
conditions, which affects the heat flux on the wall in reverse.  
 
(a)M=10                                       (b)M=15                                       (c)M=25 
Fig. 7. The Mach number effect on the heat flux 
                       
Fig. 8. Flight altitude effect on the species distribution along the stagnation line  
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